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ClpX is a AAA+ machine that uses the energy of ATP
binding and hydrolysis to unfold native proteins and
translocate unfolded polypeptides into the ClpP
peptidase. The crystal structures presented here
reveal striking asymmetry in ring hexamers of nucleo-
tide-free and nucleotide-bound ClpX. Asymmetry
arises from large changes in rotation between the
large and small AAA+ domains of individual subunits.
These differences prevent nucleotide binding to
two subunits, generate a staggered arrangement of
ClpX subunits and pore loops around the hexameric
ring, and provide a mechanism for coupling confor-
mational changes caused by ATP binding or hydro-
lysis in one subunit to flexing motions of the entire
ring. Our structures explain numerous solution
studies of ClpX function, predict mechanisms for
pore elasticity during translocation of irregular poly-
peptides, and suggest how repetitive conformational
changesmightbe coupled tomechanicalworkduring
the ATPase cycle of ClpX and related molecular
machines.
INTRODUCTION
AAA+ molecular machines use the energy of ATP binding and
hydrolysis to power the degradation, remodeling, disassembly,
or movement of macromolecular complexes in a wide variety
of cellular processes (Hanson and Whiteheart, 2005; White and
Lauring, 2007). E. coli ClpX is a hexameric AAA+ protein-unfold-
ing machine, which can function alone or with the ClpP pepti-
dase (Levchenko et al., 1997; Grimaud et al., 1998). In the ClpXP
protease, a ring hexamer of ClpX mediates ATP-dependent
unfolding of specific proteins, for example those bearing the 11
residue ssrA tag, and then translocates the denatured polypep-
tide into the lumen of ClpP for degradation (Figure 1A; Gottes-
man et al., 1998; Kim et al., 2000; Singh et al., 2000). ClpX can
also unfold proteins with specific recognition tags in the absence744 Cell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc.of ClpP (Kim et al., 2000). Each subunit of the ClpX hexamer
is identical in sequence and consists of large and small
AAA+ domains and a family-specific N domain (Figure 1B;
Schirmer et al., 1996). However, variants lacking the N domain
(ClpX-DN) can still combine with ClpP to mediate efficient
degradation of native ssrA-tagged proteins (Singh et al., 2001;
Wojtyra et al., 2003). Structures of the large and small AAA+
domains are known for a subunit of Helicobacter pylori ClpX-
DN, but these subunits do not form hexamers in the crystal,
assembling instead into helical filaments that span the lattice
(Kim and Kim, 2003).
The axial pore of the ClpX hexamer serves as the translocation
channel into ClpP (Figure 1A; Ortega et al., 2000). Moreover,
three different pore loops—called ‘‘GYVG,’’ ‘‘pore 2,’’ and
‘‘RKH’’—play roles in binding the ssrA tag (Siddiqui et al.,
2004; Farrell et al., 2007; Martin et al., 2007, 2008a, 2008b). In
addition, some of these loops also mediate binding to and
communication with ClpP and are needed for protein unfolding
and/or translocation. For example, current models suggest that
the GYVG loops grip polypeptide substrates and then pull or
drag these molecules into the pore as a consequence of nucle-
otide-dependent loops movements (Martin et al., 2008b). This
pulling mechanism could generate a force to unfold native
substrates that cannot enter the pore and provide a way to trans-
locate the polypeptide once unfolding occurs. It is not known if
these GYVG loop movements occur in a localized fashion or as
part of larger domain or subunit motions. Importantly, ClpX can
translocate radically different polypeptides, including homopoly-
meric blocks of large, small, charged, or hydrophobic amino
acids, as well as unnatural sequences with additional methylene
groups between successive peptide bonds (Barkow et al., 2009).
Moreover, ClpX can translocate disulfide-bonded proteins,
which requires simultaneous passage of three polypeptide
chains through the axial pore (Burton et al., 2001; Bolon et al.,
2004). How the ClpX pore mediates transport of such diverse
polypeptide substrates is not known.
ATP binding and hydrolysis fuel protein unfolding and
translocation by ClpX. In principle, a ClpX hexamer could bind
six ATPs, but solution experiments with saturating ATP show
that at least two subunits remain nucleotide free (Hersch et al.,
2005). Moreover, these studies reveal a minimum of two classes
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Figure 1. Asymmetric Structures of ClpX Hexamers
(A) Model for protein unfolding and degradation by the ClpXP protease. Cutaway view showing how the degradation tag of a protein substrate could initially bind
in the pore of ClpX. ATP-dependent translocation could then lead to unfolding and degradation of the polypeptide by ClpP.
(B) Domain structures of wild-type ClpX and the covalently linked ClpX-DN trimer.
(C) Portion of the refined 2Fo-Fc electron density map (contoured at 1s) for the nucleotide-bound hexamer.
(D) Surface representation of the nucleotide-bound ClpX hexamer, viewed from the top or ClpP distal face. Each subunit is a different color. The large and small
AAA+ domains of two adjacent subunits are labeled.
(E) Side views of the nucleotide-free (top) and nucleotide-bound (bottom) hexamers inmixed surface/cartoon representation. The staggered positions of the small
AAA+ domains in chain A (blue), B (green), and C (red) are shown.
(F) The large AAA+ domains of a type 1 subunit (chain A) and type 2 subunit (chain C) from the nucleotide-bound hexamer are shown in the same orientation,
revealing a large change in the relative orientation of the attached small AAA+ domains. In the small domains, only the helix formed by residues 333–344 is shown
in cartoon representation.of ATP-binding subunits that differ in the kinetics of nucleotide
release. In addition, single-chain ClpX hexamers with covalently
linked subunits retain the ability to unfold and translocatesubstrates efficiently, even when only a few subunits are able
to hydrolyze ATP (Martin et al., 2005). These results suggest
that ClpX hexamers function asymmetrically, with specificCell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc. 745
subunits assuming distinct conformations and roles during the
ATPase cycle. A related hexameric unfoldase, HslU, also
appears to bind amaximumof four ATPs in solution (Yakamavich
et al., 2008). Curiously, however, completely symmetric crystal
structures of the HslU hexamer with six bound nucleotides
have been reported, and even HslU structures with just three
or four bound nucleotides show only modest deviations from
six-fold rotational symmetry (Bochtler et al., 2000; Sousa et al.,
2000, 2002; Wang et al., 2001; Kwon et al., 2003). Hence, it is
uncertain whether ClpX hexamers adopt structures that are
substantially asymmetric.
Understanding how ClpX and related AAA+ enzymes function
will require information about the conformational states that
these machines adopt during the coupled ATPase and mechan-
ical cycles (Tucker and Sallai, 2007). Here, we report crystal
structures of nucleotide-free and nucleotide-bound ClpX hex-
amers, which are strikingly asymmetric because of differences
in rotation between the large and small AAA+ domains of
individual subunits. These differences generate a staggered
arrangement of subunits and pore loops around the hexameric
ring, result in two subunits that cannot bind nucleotide, and
provide amechanism for transmitting structural changes caused
by ATP binding or hydrolysis in one subunit to neighboring
subunits and to the entire ring. Our structures suggest a mecha-
nism of pore elasticity that would allow expansion to accommo-
date multiple polypeptides or substrates with large side chains
and contraction tomaintain contact with polypeptides consisting
of small amino acids. Finally, these structures suggest plausible
rigid-body conformational changes that could power protein
unfolding and polypeptide translocation.
RESULTS
Crystallization Strategy and Structural Analysis
Several factors influenced our choice of a ClpX variant to use for
crystallization. We sought to improve solubility by deleting the
N domain and to use mutations that prevent ATP hydrolysis
and/or mimic the functional asymmetry observed in the wild-
type hexamer. The variant crystallized contained three E. coli
ClpX-DN subunits connected by flexible linkers, which are
compatible with function (Figure 1B; Martin et al., 2005). More-
over, each subunit contained an E185Q mutation in the Walker
B motif to block ATP hydrolysis (Hersch et al., 2005) and the
sensor II motif of the third subunit contained an R370Kmutation,
which allows nucleotide binding but blocks ATP-dependent
conformational changes and thus mimics an ATP-free state
(Joshi et al., 2004). This pseudo-trimer bound ClpP and an
ssrA peptide in an ATP-dependent manner (data not shown),
establishing that it can dimerize to form a pseudo-hexamer
and adopt functional conformations, similar to the wild-type
ClpX hexamer.
An initial crystal form (space group P212121; a = 63.3 A˚, b =
199.9 A˚, c = 202.5 A˚) was obtained using ammonium sulfate as
the precipitant. This form grew in the absence of nucleotide,
had a single ClpX pseudo-hexamer in the asymmetric unit,
and diffracted to 4.0 A˚ resolution for the best crystals. When
these crystals were soaked in mother liquor plus MgCl2 and
nucleotide (ATP, ATPgS, or ADP), the unit cell shrank substan-746 Cell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc.tially (a = 54.1 A˚, b = 178.5 A˚, c = 201.4 A˚). Unit cell changes
were not observed in soaking experiments without nucleotide.
Although unit cell shrinkage was detected in crystals soaked
for 2 min or less, the best data were obtained from a crystal
soaked in ATPgS for 12 hr, which diffracted to 3.25 A˚ resolution.
Phases were initially obtained by molecular replacement and
structures were refined to Rwork/Rfree values of 0.27/0.31 for
the nucleotide-free crystal and 0.24/0.28 for the ATPgS-soaked
crystal (Table 1). The electron density maps were of sufficient
quality to trace the main chain and to position most side chains
(Figure 1C). There were clear differences in the two hexameric
structures, reflecting nucleotide-dependent motions.
Asymmetric Ring Hexamers
ClpX formed an asymmetric ring hexamer in both the nucleotide-
free and nucleotide-bound structures, with ring diameters and
heights (Figures 1D and 1E) that were generally consistent with
those estimated by electron microscopy of E. coli ClpX-DN
(Singh et al., 2001). However, the crystallographic hexamers
were strikingly different from the six-fold symmetric molecule
observed in averaged electron microscopy images and from
a structure modeled using an HslU hexamer to define the quater-
nary arrangement of subunits (Grimaud et al., 1998; Kim and
Kim, 2003). In a six-fold symmetric ring hexamer, the corre-
sponding atoms of all six subunits lie in planes perpendicular
to the symmetry axis. In contrast, the axial positions of equiva-
lent amino acids in the ClpX small AAA+ domains (residues
320–416) were staggered in both the nucleotide-bound and
nucleotide-free hexamers (Figure 1E). Non-planarity of equiva-
lent residue positions in different subunits was also observed
in the large AAA+ domains (residues 61–314) and in the linkers
Table 1. Crystallographic Statistics
Nucleotide-Free
PDB Code 3HTE
Nucleotide-Bound
PDB Code 3HWS
Data Collection and Processing
Wavelength (A˚) 0.979 0.979
Resolution (A˚) 50.04.0
(4.144.0)
50.03.25
(3.373.25)
Space group P212121 P212121
Total reflections 315774 190525
Unique reflections 21881 32170
Mean I/sI 55.0 (5.7) 23.7 (3.2)
Rsym (%) 5.4 (48.8) 6.1 (57.1)
Completeness (%) 99.9 (100.0) 99.5 (100.0)
Redundancy 14.4 (14.9) 5.9 (6.0)
Refinement
Resolution (A˚) 50.04.0 45.03.25
Rwork/Rfree 0.274/0.311 0.243/0.282
Rmsd bond lengths (A˚) 0.002 0.003
Rmsd bond angles () 0.520 0.687
Ramachandran Plot Statistics
Favored/Allowed/
Unfavorable (%)
97.1/2.5/0.4 97.8/2.1/0.1
Values in parentheses refer to the highest resolution shell.
(residues 315–319) that connect the two domains. The covalent
tethers between subunits were not observed in electron density
maps. In both crystallographic hexamers, an axis of approximate
two-fold rotational symmetry related the A/B/C and D/E/F
subunit groups (Figure 1D), producing an inexact dimer of
trimers (root-mean-square deviation [rmsd] 1.8 A˚) in which
some pseudo-symmetric subunits had noticeable differences
in structure.
Structural Origins of Asymmetry
Superposition of the large AAA+ domains from the 12 subunits in
both ClpX hexamers revealed very similar backbone conforma-
tions (rmsd <0.8 for Ca atoms). The folds of the small AAA+
domains were also essentially identical (rmsd <0.35 A˚). Hence,
structural changes in the interfaces between different subunits
or between different domains in the same subunit must generate
the asymmetry within hexamers and the conformational rear-
rangements that occur between nucleotide-free and nucleo-
tide-bound hexamers.
Strikingly, distinct types of subunits were present in both ClpX
hexamers. We define two general classes based on the orienta-
tions of the large and small AAA+ domains, which is determined
by differences in the interdomain linker conformation. The
rotation between domains in type 1 subunits (A/B/D/E in both
hexamers) creates a conformation compatible with nucleotide
binding in the interdomain cleft, whereas rotations between
domains in type 2 subunits (C/F in both hexamers) result in
a conformation that destroys the nucleotide-binding pocket
(see Figure 3B). The differences between type 1 and type 2
subunits are dramatic. For example, the rotations between
domains in the most divergent type 1 and type 2 subunits differ
by 82 (Figure 1F). Moreover, after superposition of the large
AAA+ domains of type 1 and type 2 subunits, equivalent residues
in the attached small AAA+ domains can occupy positions more
than 30 A˚ apart.
Two interfaces, one highly conserved and one highly variable,
contribute to the packing between neighboring subunits in the
ClpX ring. The major interface is formed by the packing of
each small AAA+ domain against the large AAA+ domain of the
clockwise subunit (in the top view of Figure 1D). This interface
buries an average of approximately 2000 A˚2 of surface area,
and superposition of the large domains from any two subunits
results in very similar positions of the neighboring small domains
(Figure 2A). In other words, adjacent small and large AAA+
domains can be viewed as a single rigid-body unit and the hex-
amer comprises six such units (Figure 2B). Changes in rotation
between the large and small AAA+ domains of a single monomer
propagate via the rigid-body interfaces and affect the orientation
of the adjacent large AAA+ domain. The less conserved subunit
interfaces occur between adjacent large AAA+ domains and
show substantial variations in orientation, packing geometry,
and surface burial (340–1340 A˚2). For example, large domains
clockwise from type 1 versus type 2 subunits have very different
orientations (Figure 2C).
Closing the Hexameric Ring
The topologically closed rings of both crystallographic hexamers
showed a 1-1-2-1-1-2 pattern of type 1 and type 2 subunits(Figure 3A). A hexamer modeled using only type 1 subunits
and the major subunit interface had a lock-washer conformation
in which the first and sixth subunits were not in contact. A similar
arrangement of subunits occurs in the helical filaments seen inH.
pylori ClpX crystals (Kim and Kim, 2003). Similarly, modeling
showed that closed rings could not be constructed from type 2
subunits alone. Thus, a mixture of type 1 and type 2 subunits
appears to be required to form a closed ClpX ring.
A Mechanism for Substoichiometric Nucleotide Binding
Our structures provide a straightforward explanation for the
finding that ClpX hexamers bind a maximum of four ATP
molecules in solution (Hersch et al., 2005). In AAA+ enzymes,
ATP/ADP binds at the interface between the large and small
AAA+ domains of one subunit and the large AAA+ domain of
an adjacent subunit (Erzberger and Berger, 2006), creating six
potential binding sites. In ClpX, however, only four sites can
bind ATP/ADP (Figure 3A), because the small domain in type 2
ClpX subunits occupies the space where nucleotide would nor-
mally bind (Figure 3B). In type 1 subunits, in contrast, the adenine
base of a nucleotide can interact with the short linker between
the large and small domains (Figure 3B), providing a mechanism
to link binding to structural changes in hexamer conformation.
After soaking a nucleotide-free crystal in ATPgS overnight,
we observed full occupancy of the nucleotide-binding sites in
subunit A and B, partial occupancy in subunit E, and low occu-
pancy in subunit D. These differences could result from affinity
differences in the crystal or from different rates of nucleotide
binding, as a partially refined structure of a crystal soaked in
ATPgS for 30 min showed nucleotide density only in subunit A.
We observed similar changes in unit cell dimensions after
soaking crystals in ATPgS, ATP, or ADP, suggesting that the
changes observed with the nucleoside triphosphates might be
driven by binding of ADP, present either as a contaminant or
produced by hydrolysis in the crystal. Indeed, ADP fit the elec-
tron density in the ATPgS-soaked crystal best (Figure 3B),
although we are not confident of this assignment at the resolu-
tion of this structure.
A sulfate molecule was observed in the malformed pockets
of the type 2 C and F subunits in the nucleotide-bound crystal
and in all pockets of the nucleotide-free crystal. These sulfates
occupy sites where the b-phosphate of a nucleoside triphos-
phate would normally be expected and may mimic some
aspects of nucleotide binding.
Motions Driven by Nucleotide Binding
Nucleotide binding has two consequences. First, the orientation
of the large and small domains of type 1 subunits changes. For
example, rotation between the large and small domains of
subunit A increased by 15 after nucleotide binding, whereas
these domains in subunit B rotated by 14 in the opposite direc-
tion (Figure 3C). Second, these rotations result in a complex set
of motions of the associated rigid-body units, as shown by over-
lays of the structures of nucleotide-free and nucleotide-bound
hexamers (Figure 4). In units with a type 1 small domain, this
domain moves downward and inward toward the bottom face
of the hexamer, whereas its partner large domain moves upward
and inward, closing the pore. In units with a type 2 small domain,Cell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc. 747
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Figure 2. Subunit-Subunit Interfaces
(A) The large AAA+ domains (gray; Ca trace) from all six subunits of the nucleotide-bound hexamerwere superimposed, showing highly conserved positions of the
small AAA+ domain (green) in the counterclockwise subunit. The same orientation of adjacent large and small AAA+ domains was seen in nucleotide-free ClpX,
suggesting that these neighboring domains comprise a rigid-body unit.
(B) The six rigid-body units in the nucleotide-bound ClpX hexamer (top view; cartoon representation) are shown in different colors, with the small AAA+ domain of
each rigid-body unit colored a lighter shade (e.g., Asmall; light purple) than the clockwise large AAA+ domain in the same unit (e.g., Blarge; dark purple).
(C) Modules consisting of two adjacent large AAA+ domains from the nucleotide-bound hexamer were compared by superimposing the B domain of the B/C
module on the C domain of the C/D module. This alignment shows that a large AAA+ domain clockwise from a type 1 subunit (red) occupies a very different
position from a large AAA+ domain clockwise to a type 2 subunit (blue).the entire rigid-body element moves up and away from the pore.
These combined motions cause a significant flexing of the ClpX
hexamer in the plane of the ring, resulting in a nucleotide-bound
structure that is taller, is narrower, and has a more constricted
pore than the nucleotide-free structure. Detailed motions can
also be seen in Movies S1 and S2 available in the Supplemental
Data available online.
Axial Staggering of Pore Loops
The GYVG and pore 2 loops project into the lumen of the axial
pore, whereas the RKH loops surround the upper entry to the
pore. All of these ClpX loops play roles in binding of the ssrA
degradation tag of substrates and subsets mediate transloca-
tion, unfolding, and dynamic contacts with ClpP (Siddiqui et al.,
2004; Farrell et al., 2007; Martin et al., 2007, 2008a, 2008b). The
electron density maps were of sufficient quality to place the748 Cell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc.GYVG loops (residues 152–155) in all subunits of the nucleo-
tide-bound hexamer and many of the subunits in the nucleo-
tide-free structure. Large sections of the pore 2 loops (residues
191–201) could be confidently built in several subunits of the
nucleotide-bound structure. Although the remaining pore 2
loops and all RKH loops (residues 222–236) were disordered,
we could place them approximately based on connections to
well ordered structural elements. For each type of pore loop,
we observed or inferred substantial staggering relative to the
pore axis when equivalent loops in neighboring subunits were
compared (Figure 5). For example, viewing the nucleotide-bound
hexamer perpendicular to the pore axis, the GYVG loop of
subunit A is close to the bottom of the pore, the GYVG loop of
the adjacent type 1 subunit B occupies an intermediate position,
and the GYVG loop of the neighboring type 2 subunit F is closer
to the top of the pore (Figure 5A).
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Figure 3. Nucleotide Binding
(A) Cartoon of the nucleotide-bound ClpX hexamer showing the positions of the four nucleotide-binding sites relative to type 1 and type 2 subunits.
(B) Mixed cartoon/stick representation of the interdomain linkers from a type 1 subunit (chain A, blue) and type 2 subunit (chain F, dark red) from the nucleotide-
bound structure. In the type 1 subunit, the side chain of Leu317 contacts the adenine base of the nucleotide (modeled as ADP in stick representation; 2Fo-Fc
electron density contoured at 1s). The linker in the type 2 subunit has a completely different conformation; Leu317 points in the opposite direction and helix
320–327 of the small AAA+ domain clashes with modeled nucleotide.
(C) The large AAA+ domains of each subunit (gray) in the nucleotide-free and nucleotide-bound hexamers were aligned, showing that nucleotide binding changes
the rotation of some small AAA+ domains (represented by a single colored a-helix formed by residues 333–344) relative to the large domain.DISCUSSION
The crystal structures presented here reveal dramatically asym-
metric conformations for the hexameric ring of ClpX both in
nucleotide-bound and nucleotide-free states. We note several
important architectural principles. (1) Although all six subunits
of the hexamer have the same sequence and essentially identical
folds for the large and small AAA+ domains, differences in orien-
tation between the large and small AAA+ domains of individual
subunits define two general classes of subunits. Type 1 subunits
bind nucleotide, whereas type 2 subunits do not. (2) The major
interface between subunits is formed by the packing of a small
AAA+ domain against the neighboring large AAA+ domain.
Because this interface is structurally conserved, this unit moves
as a rigid body around restricted swivel points defined by theconformations of the linkers in adjacent subunits. (3) The topo-
logically closed hexameric ring is formed by a 1-1-2-1-1-2
pattern of type 1 and type 2 subunits, which results in substantial
staggering of domains and structural elements with respect to
the central pore axis. (4) Nucleotide binding to type 1 subunits
affects the conformation of the linker between the large and
small AAA+ domains and changes the rotation between these
domains. Thesemovements propagate around the ring, resulting
in a flexingmotion inwhich some structural elementsmove down
while others move up relative to the pore axis.
Additional conformations, for example those stabilized by ATP
and substrate binding, will certainly be used during ClpX func-
tion. We anticipate, however, that the structural principles noted
above will still apply. Specifically, we expect that ATP binding,
hydrolysis to ADPdPi, and release of Pi and/or ADP during theCell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc. 749
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Figure 4. Nucleotide-Dependent Motions
Top (A), bottom (B), and side views (C–E) of the nucleotide-free and nucleotide-bound ClpX hexamers in cartoon representation following superposition. An inter-
mediate structure obtained by averaging is also shown. For each structure, each of the six rigid-body units is a different color. Within each unit, lighter shades
represent the nucleotide-free structure, intermediate shades represent the averaged structure, and darker shades represent the nucleotide-bound structure.
Thus, motions induced by nucleotide binding progress from lighter to darker shades. Asymmetry of the nucleotide-free and nucleotide-bound hexamers is
evident in the top and bottom views (looking along the axis of the pore) and in the side views. The views in (B) and (C) were generated from that in (A) by
180 and 90 rotations, respectively, around the x axis. The views shown in (D) and (E) represent rotations around the y axis in 50 and 75 increments, respec-
tively, from the view in (C).ATPase cycle will alter the rotation between the large and
small AAA+ domains of the subunit in which the reaction occurs.
These changes will cause rigid-body conformational changes
throughout the ClpX hexamer, which can be coupled tomechan-
ical work on protein and polypeptide substrates.
Our structures lack the ClpX N domain, which forms a dimer
and serves as a tethering site for adaptor proteins and certain
substrates (Singh et al., 2001; Wojtyra et al., 2003; Donaldson
et al., 2003; Park et al., 2007). In intact ClpX, a 15 residue linker
connects each N domain to the large AAA+ domain. We found
that three N domain dimers could bemodeled near the periphery
of the hexameric ring, without steric clashes and with linking
distances to the appropriate large AAA+ domains of roughly
20 A˚ (Figure 5C). Because an extended 15 residue linker could750 Cell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc.span up to 40 A˚, each N domain dimer should be somewhat
flexible in the ClpX hexamer.
An IGF sequence in ClpX makes important docking contacts
with hydrophobic clefts on the surface of the ClpP ring (Wang
et al., 1997; Kim et al., 2001; Singh et al., 2001; Martin et al.,
2007). We did not attempt to model this interaction because
the ClpX IGF loops (residues 261–284) were almost completely
disordered in our structures and there is no simple match
between the symmetric ClpP heptamer and the asymmetric
ClpX hexamer.
Functional Consequences of Pore-Loop Staggering
The loops that form the axial pore of ClpX are involved in recog-
nition of the ssrA degradation tag, binding and communicating
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Figure 5. Positions of Pore Loops and Modeled N Domains
(A) Cartoon representation of the GYVG loops (orange) from subunits A (blue), B (green), and C (red) of the nucleotide-bound ClpX hexamer viewed perpendicular
to the axial pore, which runs from the top to the bottom. Tyr153 is shown in stick representation.
(B) Cartoon of the pore 2 loops (structured parts yellow; modeled parts purple) from subunits A (blue), B (green), and C (red) of the nucleotide-bound ClpX
hexamer. Same orientation as (A).
(C) Models showing two views of how three N domain dimers of ClpX (surface representation; Donaldson et al., 2003; Park et al., 2007) could connect to the
nucleotide-bound hexamer (cartoon representation). Although explicit linkers were not modeled, 15–25 A˚ separates the C terminus of each N domain and the
N terminus of the large AAA+ domain to which it connects.with ClpP, and substrate unfolding and translocation. The basic
RKH loops surround the pore entry and interact favorably with
the negatively charged a-carboxylate of the ssrA tag, apparently
stabilizing an encounter complex before the tag moves deeper
into the pore to interact with the GYVG and pore 2 loops (Farrell
et al., 2007; Martin et al., 2008a). Although the RKH loops are
disordered in our structures, the positions from which they
project from the hexamer are axially staggered. This arrange-
ment provides a path to guide the ssrA tag into the lumen of
the pore, where the GYVG and pore 2 loops could then engage
the substrate to facilitate unfolding and translocation.
Axial staggering can explain why the pore 2 loops can cross-
link to the N-terminal loops of ClpP, which contact ClpX near the
bottom of the axial pore, and also to the SspB adaptor protein,
which can only enter the top portion of the pore (Martin et al.,
2007, 2008a). These results would be extremely difficult to
understand if the ClpX hexamer had approximate six-foldsymmetry, because all pore 2 loops would occupy similar axial
positions. In our nucleotide-bound hexamer, however, the
pore 2 loops of the type 2 subunits are close to the top of the
pore, where they could easily crosslink to SspB, whereas those
of the type 1 subunits are close to the bottom face of the hex-
amer, where ClpP binds (Figure 5B). Interactions with ClpP,
mediated by the pore 2 loops, regulate the ATPase rate of
wild-type ClpX (Martin et al., 2007). Thus, it seems probable
that the pore 2 loops of type 1 subunits interact with ClpP in
a fashion that alters the rate of ATP hydrolysis in these subunits.
The Walker B motif, which contacts ATP and participates in
catalysis, immediately precedes the pore 2 loop in the ClpX
sequence, and thus even small ClpP-mediated variations in
the conformation of these loops might be propagated to the
active site.
Both the GYVG loops and the pore 2 loops are required
for strong binding to the ssrA tag and for robust proteinCell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc. 751
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Figure 6. Models for Protein Unfolding and Pore Expansion
(A) Cartoon showing how ATP hydrolysis might change rotations between the large and small AAA+ domains of two ClpX subunits. These domain-domain
rotations, in turn, could drive rigid-body movements that result in unfolding and translocation of a bound native substrate.
(B) The cartoon on the left shows that the ClpX hexamer can be viewed as consisting of two jaw-like elements. The main contacts between these jaws are formed
by the interfaces between the large and small AAA+ domains of the type 2 subunits (red/dark red). Opening of these interfaces, as shown in the exaggerated right
cartoon, provides a potential mechanism for pore expansion to accommodate large substrates, including those with multiple chains.unfolding (Siddiqui et al., 2004; Martin et al., 2008a, 2008b). Axial
staggering places the GYVG loops of some subunits next to the
pore 2 loops of other subunits, and it is plausible that a binding
site for the ssrA tag is formed by an interaction between both
loops. The importance of the GYVG and pore 2 loops in protein
unfolding could be explained by roles in translocation and/or in
preventing substrate slipping following translocation. Mutations
in the GYVG loops but not the pore 2 loops slow translocation,
and thus the pore 2 loops may function largely to grip substrates
after a translocation step. In this regard, the four pore 2 loops
of type 1 subunits are close to one another and encircle a narrow
channel near the bottom of the pore. Thus, a polypeptide
substrate could potentially be pinned in this channel, while the
enzyme resets for the next translocation step.
Among the three types of ClpX pore loops, only the GYVG
loops are highly conserved in other AAA+ proteases (Wang
et al., 2001; Siddiqui et al., 2004). Thus, these loops are thought
to play the major role in substrate translocation and protein
unfolding by ClpX. Genetic and biochemical studies support
this model and show that the GYVG loops play important roles
in gripping the polypeptide substrate (Martin et al., 2008b).752 Cell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc.Because the GYVG loops occupy different axial positions in
our structures, it is plausible that ATP binding and/or hydrolysis
could cause a given GYVG loop to move downward in the pore
as a consequence of the rigid-body movement of the large
AAA+ domain in which it resides. For example, Tyr153 in the
GYVG loop of chain Emoves down through the pore upon nucle-
otide binding and similar loop motions during the ATPase cycle
could pull or drag a bound polypeptide substrate along,
providing a mechanism for translocation and force application
(Figure 6A).
A Mechanism for Pore Elasticity
ClpX translocates polyglycine sequences efficiently but must
also translocate three polypeptides together when it degrades
disulfide-bonded proteins (Burton et al., 2001; Bolon et al.,
2004; Barkow et al., 2009). However, the GYVG and pore 2 loops
fill most of the space in the pore and it appears unlikely that even
a single translocating polypeptide with bulky side chains could fit
without some structural rearrangements (Figure 1D). Our struc-
tures, however, suggest a mechanism by which the pore could
expand to accommodate substrates of increasing size. If we
think of the axial pore as a mouth, then the hexameric ring has
two jaws, connected largely by a hinge-like linker between the
large and small AAA+ domains of each type 2 subunit,
(Figure 6B; see also Figure 4C). We propose that one or both
of these hinge interfaces open in an elastic fashion to allow
passage of substrates that are too large to transit the undistorted
pore (Figure 6B). Opening might occur by unraveling the type 2
linker (or part of the adjacent 320–327 helix) as a consequence
of attempts by ClpX to force translocation of larger substrates.
Refolding, in the absence of any force, could reclose the pore.
This model is analogous to the elastically hinged jaws of a snake,
which allow it to consume prey larger than its normal mouth size.
The inability of type 2 subunits to bind nucleotide is an important
aspect of our pore expansion model because ligand binding
at the ‘‘hinge’’ interface would hinder opening. A reasonably
constricted pore in the absence of distorting forces is another
requisite feature because the enzyme needs to maintain close
contacts with skeletal substrates consisting of little more than
the polypeptide backbone both to drive translocation of such
substrates and to prevent substrate slipping/dissociation
between power strokes.
Comparison with Other AAA+ Hexamers
In crystals, AAA+ hexamers have been found to be six-fold
symmetric, to form dimer-of-trimers or trimer-of-dimers rings,
to have a screw axis relating adjacent subunits, or to lack
symmetry entirely (Bochtler et al., 2000; Singleton et al., 2000;
Sousa et al., 2000, 2002; Wang et al., 2001; Kwon et al., 2003;
Gai et al., 2004; Bieniossek et al., 2006; Enemark and Joshua-
Tor, 2006; Skordalakes and Berger, 2006). Because most of
these AAA+ machines perform vectorial work on polypeptide
or nucleic acid substrates, which themselves lack symmetry, it
would be reasonable if the functional solution conformations of
these enzymes were also asymmetric. The crystallographic
ClpX rings most closely resembled dimers of trimers, but both
hexamers were fundamentally asymmetric. Indeed, because
ClpX appears to operate by a stochastic mechanism in which
only one ATP is hydrolyzed per power stroke (Martin et al.,
2005), asymmetry is a natural consequence of function.
Like ClpX, several AAA+ hexamers crystallize with four nucle-
otide-bound and two nucleotide-free subunits (Bochtler et al.,
2000; Singleton et al., 2000). However, the unoccupied subunits
in these hexamers differ modestly in structure from the nucleo-
tide-bound subunits. In contrast, the type 2 subunits in ClpX
differ radically from the type 1 nucleotide-binding subunits, as
a consequence of differences in rotation approaching 80
between the two AAA+ domains (Figures 1F and 3C). These
very large changes in domain-domain orientation result in the
dramatic staggering of domains and structural elements around
the ClpX ring. In contrast, rotations between the large and small
AAA+ domains of different subunits in hexamers of HslU and
FtsH (other proteolytic AAA+ enzymes) do not exceed 15 and
result in only minor deviations from planar hexamers. Indeed,
attempts to model a wide variety of AAA+ ring hexamers from
monomeric subunits have used the relative orientation of the
large and small AAA+ domains as a tight constraint (Diemand
and Lupas, 2006), limiting models to a much narrower range of
domain-domain rotations than we observe in ClpX.The type 1 and type 2 subunits of ClpX clearly play different
structural and functional roles in the hexameric ring. It is possible
that type 1 and type 2 subunits undergo some type of coordi-
nated interconversion during each ATP-fueled power stroke. If
this were the case, then additional arrangements of type 1 and
type 2 subunits in the ring (e.g., 1-1-2-1-2-1, 1-1-2-2-1-1, etc.)
might be expected to exist. Alternatively, two ClpX subunits
might simply adopt and maintain the type 2 role throughout
a complete proteolytic cycle of unfolding and translocation. In
this instance, only the dedicated type 1 subunits would cycle
through different nucleotide states, although these states could
alter the conformation of the entire ring. In either case, ClpX
appears to represent an interesting transition between homo-
meric AAA+ machines in which all subunits adopt similar struc-
tures, even if they function as asymmetric multimers, and
heteromeric machines (dynein, Mcm2–7 helicase, the protea-
some, etc.) in which each AAA+ subunit/module in the ring has
evolved to have a different sequence and function.
Concurrence of Structural and Biochemical
Experiments
The rotation between the large and small AAA+ domains in the
type 2 subunits of the ClpX structures appears to be without
precedent in related homomeric AAA+ machines, and one might
worry that it represents an artifact of crystallization, the E185Q/
R370K mutations, or the tethering linkers used to connect
subunits. With respect to crystal contacts, we note that the basic
architecture was maintained in two crystal lattices. The 20
residue tethering linkers were unstructured, and thus it is difficult
to imagine that they dictate the structures observed. Moreover,
ClpX subunits connected by these tethers are as active as
wild-type (Martin et al., 2005). Indeed, our structures suggested
that these tethers could be roughly half as long and still connect
adjacent subunits without strain. When we constructed a
ClpX-DN variant with an 11 residue tether, it had degradation
and ATPase activities indistinguishable from the parental
enzyme with the 20 residue tether (see Figures S1 and S2).
With respect to mutations, single chain ClpX with E185Q or
R370K substitutions in four subunits function as efficient unfol-
dases and translocases (Martin et al., 2005), making it very
unlikely that these conservative side chain substitutions distort
the structure. Finally, a partially refined structure in which
subunits were tethered but lacked the E185Q/R370K mutations
revealed the same basic arrangement of subunits seen in the
structures presented here (unpublished data). This ‘‘wild-type’’
structure has been refined to 3.8 A˚ resolution (current statistics,
R = 0.31, Rfree = 0.33) by the same methods used for the mutant
structures and shows a clear 1-1-2-1-1-2 subunit pattern.
The strongest argument for relevance of our structures is that
they are consistent with and provide a structural rationale for
a large body of experiments. For example, the presence of two
type 2 subunits in our structures explains why ClpX homohex-
amers bind no more than four ATP molecules, and structural
differences among nucleotide-bound type 1 subunits explain
the existence of multiple kinetic classes of bound ATPmolecules
(Hersch et al., 2005). Similarly, the axial staggering of pore loops
in the hexamer explains mutational and crosslinking studies of
the interaction of ClpX with the ssrA tag, with the SspB adaptor,Cell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc. 753
and with ClpP (Martin et al., 2007, 2008a, 2008b). Structural
asymmetry is consistent with the finding that covalently linked
ClpX variants with only a subset of subunits capable of hydro-
lyzing ATP still unfold and translocate protein substrates
efficiently (Martin et al., 2005). Moreover, mutations in the rigid-
body interface between the small AAA+ domain and the neigh-
boring large AAA+ domain alter ClpX’s ability to unfold native
substrates and disassemble macromolecular complexes (Joshi
et al., 2003, 2004), consistent with our structure-based proposal
that these interfaces transmit conformational changes initiated in
one nucleotide-binding site to the rest of the ring. Finally, our
structures suggest a pore expansion/contraction mechanism
that explains ClpX’s ability to translocate diverse substrates,
ranging in size and polypeptide number. We anticipate that the
structures presented here will provide a foundation for future
studies aimed at probing the detailed mechanisms by which
ATP binding, ATP hydrolysis, and ADP/Pi release are coupled
to mechanical work during the operation of ClpX and related
AAA+ machines.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
The ClpX variant used for crystallization contained three E. coli ClpX-DN
subunits (residues 61–423) connected by linkers with the sequence ASGAGG
SEGGGSEGGTSGAT and contained an N-terminal H6 tag (Martin et al., 2005).
In addition, each subunit contained an E185Q mutation and the C-terminal
subunit contained an additional R370K mutation. This protein was expressed
in E. coliBLR (DE3) cells andwas purified as described previously (Martin et al.,
2007). The protein was concentrated to a final concentration of 40 mM in 50mM
Tris-HCl (pH 7.5), 300 mM KCl, 10% glycerol, 0.1 mM EDTA, and 1 mM DTT.
Crystallization and Data Collection
Nucleotide-free ClpX crystals were grown using the hanging drop method of
vapor diffusion. Well solution (1 mL) containing 1.9 M ammonium sulfate and
75 mM sodium acetate (pH 4.8) was mixed with 1 ml of protein solution and
incubated at room temperature for approximately 12 weeks. Crystals of nucle-
otide-bound ClpX were produced by soaking a nucleotide-free crystal in
a solution containing the crystal mother liquor plus 5 mM ATPgS (Calbiochem)
and 5 mM MgCl2 for approximately 12 hr. Crystals were cryoprotected by
coating in Paratone-N (Hampton Research) and immediately flash cooled in
liquid nitrogen prior to being screened for X-ray diffraction. X-ray diffraction
data were collected at the 24-ID-C beamline of the Advanced Photon Source,
ArgonneNational Laboratories using aQuantum 315 detector. Nucleotide-free
ClpX data were collected with a crystal to detector distance of 400 mm, an
oscillation of 1, and an exposure time of 2 s. Crystals belonged to space group
P212121, with unit cell dimensions of a = 63.3 A˚, b = 199.9 A˚, c = 202.5 A˚, and
a = b = g = 90, and diffracted to 4.0 A˚ resolution. Consideration of the unit cell
volume indicated the presence of two ClpX pseudotrimers in the asymmetric
unit (Matthews, 1968). Data from nucleotide-soaked ClpX crystals were
collected with a crystal-to-detector distance of 450 mm, an oscillation of
0.5, and an exposure time of 2 s. Soaked crystals had a significantly smaller
unit cell, with dimensions a = 54.1 A˚, b = 178.5 A˚, c = 201.4 A˚, and diffracted to
3.25 A˚ resolution.
Data Processing, Structure Solution, and Refinement
Diffraction data were integrated and scaled using HKL2000 (Otwinowski and
Minor, 1997) and converted to structure factor amplitudes using TRUNCATE
(CCP4, 1994). Final data processing statistics are shown in Table 1. The struc-
ture of an H. pylori ClpX subunit (Kim and Kim, 2003) was used as a search
model in a combination of automated molecular replacement with PHASER
(McCoy et al., 2007) and manual real space fitting in COOT (Emsley and
Cowtan, 2004). The initial model underwent iterative rounds of model building754 Cell 139, 744–756, November 13, 2009 ª2009 Elsevier Inc.in COOT and rigid body and group ADP refinement in PHENIX (Adams et al.,
2002); individual large and small AAA+ domains were defined as rigid-body
groups with a single temperature factor. Improved electron density maps
were produced after each round of model refinement through noncrystallo-
graphic symmetry averaging in DM (CCP4, 1994) with the core of the two
domains averaged independently and B factor sharpening in CNSsolve1.2
(Brunger et al., 1998). Examination of mFo-DFc maps calculated on a refined
nucleotide-free ClpX model revealed the presence of strong peaks of positive
density in the ‘‘nucleotide-binding’’ sites of each subunit, which were built as
sulfate ions. Similar maps calculated on a refined model of nucleotide-soaked
ClpX showed the presence of strong density corresponding to bound nucleo-
tide in chains A, B, and E. Chain D had weaker nucleotide density. After
convergence of the refinement, final cycles of individual atom positional refine-
ment were performed using tight NCS restraints and one B factor per residue.
The position of each domain in the final structure was confirmed using simu-
lated-annealing omit maps calculated in PHENIX (Adams et al., 2002).
Structure Analysis
Rotation angles between the large and small AAA+ domains of each ClpX
subunit and other AAA+ ATPases were calculated using the DynDom program
(Hayward and Berendsen, 1998). Superposition of structures was carried out
using LSKQAB (CCP4, 1994) and buried surface areas were calculated using
the PISA server (Krissinel and Henrick, 2007; http://www.ebi.ac.uk/msd-srv/
prot_int/pistart.html). Figures were prepared using PyMOL (DeLano, 2002).
Morphs for the ClpX motion movie were produced by the Yale Morph Server
(Krebs and Gerstein, 2000; http://www2.molmovdb.org/wiki/info/index.php/
Morph_Server) and were displayed, animated, and rendered in PYMOL
(DeLano, 2002).
ACCESSION NUMBERS
The Protein Data Bank accession codes for the nucleotide-free and nucleo-
tide-bound ClpX hexamer structures are 3HTE and 3HWS, respectively.
SUPPLEMENTAL DATA
Supplemental Data include two figures, Supplemental Experimental Proce-
dures, and two movies and can be found with this article online at http://
www.cell.com/supplemental/S0092-8674(09)01307-5.
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